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The mucosal immune system has been recognized to play a crucial role in the protection of a host against invasion by microbes and dietary antigens. IgA is the predominant antibody in the mucosal immune system concluding the intestinal tract, and is an essential factor for protection of the host. 1) Hence, the intestinal tract is a very e‹cient site for stimulating the mucosal IgA response. Mucosal administration of an antigen, however, generally induces little immune response and requires a speciˆc mucosal adjuvant in order to stimulate the IgA response. Two bacterial enterotoxins, a heat-labile enterotoxin produced by Escherichia coli and the related cholera toxin produced by Vibrio cholerae, are well known as powerful mucosal adjuvants. 2) However, these toxins were developed for pharmaceutical or experimental use, and not for dietary use. The oral administration of some lactic acid bacteria has recently been reported to enhance the mucosal IgA response to dietary antigens. 3, 4) On the other hand, certain milk peptides have been reported to reveal immunostimulatory activity. Wong and Watson 5) have demonstrated that dietary bovine milk whey proteins had an enhancing eŠect on the secondary humoral antibody response in mice, and concluded that these properties were unlikely to be related solely to nutritional eŠects. Regarding the mechanism underlying the immunostimulatory eŠect of dietary whey proteins, Bounous and Gold 6) have proposed a role for glutathione in whey proteins, since glutathione is crucial to the functional state or activation of many cells, including both T-and B-cells. 7, 8) Hata et al. 9) have recently found that bovine casein phosphopeptides such as as1-casein (59-79) and bcasein (1-25) signiˆcantly stimulated immunoglobulin production in mouse spleen cell cultures. The stimulatory eŠect of casein phosphopeptides on IgA production is attributable to the sequence, SerP-XSerP. 10) Moreover, it has been observed that mice or piglets fed with a casein phosphopeptide-added diet exhibited sustained enhancement of the intestinal IgA response to peritoneally or orally ingested proteins. 11, 12) In addition, the dietary ingestion of casein phosphopeptides by pregnant sows has shown higher levels of colostral IgA and IgG than in sows that did not ingest casein phosphopeptide during the pregnant period. 13) In view of these studies, it might be expected that casein phosphopeptide could be used as a speciˆc mucosal adjuvant in order to stimu- late an IgA response toward pathogenic bacteria in the intestinal tract. Thus, in the present study, the authors investigated the adjuvant eŠect on serum and intestinal immunoglobulin production of a commercially available dietary casein phosphopeptide preparation (CPP-III) consisting of about 90z casein phosphopeptides such as bovine as2-casein (1-32) and bovine b-casein (1-28) 14) in mice that had orally ingested lipopolysaccharide (LPS) from Salmonella typhimurium.
Materials and Methods
This experiment was conducted in accordance with the guidelines for Regulation of Animal Experimentation in the Faculty of Agriculture of Shinshu University, and according to Law No. 105 and Notiˆcation No. 6 of the Japanese government. Casein phosphopeptide preparation. A casein phosphopeptide preparation, CPP-III, consisting of about 90z casein phosphopeptides such as bovine as2-casein (1-32) and bovine b-casein (1-28) was kindly provided by Meiji Seika (Tokyo, Japan). CPP-III was prepared at Meiji Seika as a commercial product as described next.
A 15z (w W v) bovine whole casein solution (pH 7.0) was digested with bovine trypsin (Novo Industry, Tokyo, Japan; casein:trypsin＝100:0.01, w W w) at 609 C. After 2 h, the pH of the reaction mixture was adjusted to 4.5, and the precipitate formed was removed byˆltration. Calcium chloride and ethanol were added to theˆltrate to giveˆnal concentrations of 1.1z (w W v) and 50z (v W v), respectively. The precipitate formed was collected, freezedried and named CPP-III. 14) Mice. Male C3H W HeN mice were obtained from Japan SLC (Hamamatsu, Japan) at 3 weeks of age.
Feeding procedure. Three-week-old mice were assigned to test regimens and fed on a commercial mouse pellet feed (MF, Oriental Yeast Co., Tokyo, Japan) for 1 week. The mice were then fed on a deˆned protein-free puriˆed diet (PM15765, Purina Mills, St. Louis, MO, USA) supplemented with 25z ovalbumin (control diet) or with a mixture of 0.1z CPP-III and 24.9z ovalbumin (CPP-III-added diet) for 5 weeks. The detailed composition of each diet is shown in Table 1 . The mice were orally given 1 mg or 10 mg of LPS dissolved in 0.2 ml of a 0.01 M sodium phosphate buŠer at pH 7.2 containing 0.15 M NaCl (PBS) into their stomachs with a sonde 7, 14, and 21 days after starting the administration of the puriˆed diet. Each group (the control diet group given 1 mg of LPS; CPP-III-added diet group given 1 mg of LPS; control diet group given 10 mg of LPS; and CPP-IIIadded diet group given 10 mg of LPS) consisted of 5 mice. The diets were continuously available in columnar form from stainless-steel feeders. Water was provided ad libitum in their drinking bottles.
Preparation of the serum sample, fecal extract and intestinal extract for an immunoglobulin assay. Serum samples and intestinal tracts (duodenum to rectum) consisting of tissue and the contents were carefully collected on the 35th day after starting feeding with the control or CPP-III-added diet. Feces were collected on the 21st and 35th days after starting feeding with the diets. The feces (125 mg) and intestinal tract (1 g) were each ground for 20 min at 2±19 C with sea sand (1 g) in 2.5 ml of PBS. The ground material was centrifuged at 3,000 rpm for 30 min at Cell culture. A spleen cell culture was prepared from mice fed on the control or CPP-III-added diet for 35 days. Brie‰y, the mice were killed by vertebral dislocation, and their spleens were aseptically removed. A single-cell suspension was prepared by gently manipulating the tissues in a culture medium (RPMI-1640 containing 10z BFS, 100 units of penicillin W ml and 100 mg of streptomycin W ml). The cells were washed 3 times in the culture medium and resuspended at a concentration of 6×10 6 viable cells W ml. Cell cultures were set up in quadruplicate on ‰at-bottomed microtiter plates (Falcon Labware, Oxnard, CA, USA). Into each well were placed 100 ml of the cell suspension and 10 ml of PBS. Thê nal concentration of the spleen cells was 5×10 6 viable cells W ml. The mixtures were cultured at 379 C in a humidiˆed 5z CO2-95z air atmosphere for 72 h for evaluating the IgA and cytokine levels.
Immunoglobulin assay. An enzyme-linked immunosorbent assay (ELISA) was used to determine the levels of IgG, IgM, IgE, and IgA speciˆc to LPS from Salmonella typhimurium. Sandwich ELISA was carried out for determining the total IgA level. In brief, polystyrene ELISA plates (Nunc, Roskilde, Denmark) were coated overnight at 49 C with 200 ml of LPS or goat anti-mouse IgA (Fc) in 0.05 M carbonate buŠer at pH 9.6 (10 mg W ml). After washing at 259 C with PBS containing 0.05z Tween 20 (PBSTween), the plates were post-coated for 1.5 h at 259 C with 300 ml of bovine serum albumin in the 0.05 M carbonate buŠer at pH 9.6 (2 mg W ml), and washed again with PBS-Tween 20. The serum, fecal extract, or intestinal extract (100 ml) of the optimal dilution (5000-, 500-, 50-and 5-fold dilution of serum for IgG, IgM, IgA, and IgE speciˆc to LPS, respectively; 500-fold dilution of the serum for total IgA; 50-and 5000-fold dilution of the fecal extract for IgA speciˆc to LPS and total IgA, respectively; 500-, 200-and 200-fold dilution of the intestinal extract for IgA, IgG and IgM speciˆc to LPS, respectively; 20,000-fold dilution of the intestinal extract for total IgA; the original culture supernatant of spleen cells for total IgA) was added to each well, and the plates were incubated for 1.5 h at 259 C. After washing the plates as just described, 100 ml of optimally diluted antimouse IgG, IgM, IgE, or IgA conjugated to horseradish peroxidase was added to each well. The plates were incubated for 1.5 h at 259 C and washed with PBS-Tween. A peroxidase substrate (100 ml, orthophenylenediamine dihydrochloride in a 0.1 M citrate-0.2 M sodium phosphate buŠer containing 0.03z hydrogen peroxide at pH 5.0, 4 mg W ml) was added to each well. After 20 min at 259 C, the reaction was stopped by adding 25 ml of 4N H2SO4. The plates were read at 490 nm by a Bio-Rad model 450 microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).
Measurement of cytokine levels. The levels of IL-4, IL-5, IL-6, and IL-10 in the culture supernatants were measured with commercially available ELISA kits (Biosource International, Camarillo, CA, USA). The principle of the ELISA kit for measuring each cytokine was to employ quantitative sandwich ELISA carried out according to protocol of the manufacture.
Statistical analysis. Each result is expressed as the mean±SE for the body weight (g), immunoglobulin level (A490 nm), and cytokine level (pg W ml). Signiˆcant diŠerences between the control diet and CPP-III-added diet groups were tested by Student's t-test. Table 2 shows the levels of serum IgG, IgM, IgE, and IgA speciˆc to orally ingested LPS from Salmonella typhimurium and of total IgA in the mice fed on the control and the CPP-III-added diets for 35 days. Both groups of mice that ingested 1 mg of LPS and 10 mg of LPS in the CPP-III-added diet exhibited levels of IgM and IgE speciˆc to LPS similar to those of the mice fed on the control diet. In contrast, the level of serum IgG and IgA speciˆc to LPS tended to be higher in the mice that orally ingested 10 mg of LPS in the CPP-III-added diet group than in those in the control diet group. Indeed, the diŠerence between the control diet group and the CPP-III-added diet group was statistically signiˆcant in the total IgA level of both the mice that orally ingested 1 mg and 10 mg of LPS. Figures 1 and 2 show fecal IgA levels and intestinal IgG, IgM and IgA levels, respectively. The fecal total IgA levels of both the mice that orally ingested 1 mg of LPS and 10 mg of LPS were statistically higher in the CPP-III-added diet group than in the control diet group when the test diets had been given for 21 and 35 days. Fecal IgA levels speciˆc to LPS of the mice that orally ingested 1 mg of LPS were statistically signiˆcantly higher in the CPP-III-added diet group than in the control diet group when the mice had ingested the test diet for 35 days, although the fecal IgA levels of the mice that ingested 10 mg of LPS were statistically signiˆcantly higher in the CPP-IIIadded diet group even when the mice had ingested the test diet for only 21 days. Similarly, the intestinal LPS-speciˆc IgA and total IgA levels of the mice given 1 mg and 10 mg of LPS were statistically signiˆcantly higher in the CPP-III-added diet group than in the control diet group. In contrast, no signiˆcant diŠerences in the levels of IgG and IgM speciˆc to LPS were apparent between the CPP-IIIadded group and the control group.
Results
Spleen cells collected from mice fed on the CPP-III-added diet and on the control diet for 35 days were cultured for 72 h, and total IgA and some cytokine levels in the culture supernatants were determined. As shown in Table 3 , the spleen cells from mice fed on the CPP-III-added diet had a much greater increase in in vitro IgA production than those fed on the control diet. Moreover, the IL-5 and IL-6 levels in the spleen cell culture from mice fed on the CPP-III-added diet were statistically signiˆcantly higher than from those fed on the control diet. In contrast, the IL-4 and IL-10 levels in the spleen cell Value is signiˆcantly diŠerent from that of the control diet: *Pº0.05, **Pº0.01, ***Pº0.001.
culture from mice fed on the CPP-III-added diet were not signiˆcantly diŠerent from those fed on the control diet.
Discussion
The primary function of dietary proteins is to supply the body adequately with indispensable amino acids and organic nitrogen. In addition to this function, it is also evident that peptides originating from dietary proteins should be taken into account as potential modulators of various regulatory processes in the body. Otani et al. 11) have reported that dietary CPP-III exhibited sustained enhancement of the intestinal IgA response to the orally ingested T celldependent antigen, ovalbumin, in mice. However, it is unclear whether dietary CPP-III would increase the IgA response to an orally ingested T cell-independent antigen. Hence, in the present work, the authors investigated the antibody responses to an orally ingested T cell-independent antigen and to bacterial LPS.
The present work demonstrates that mice fed on the CPP-III-added diet showed higher levels of intestinal total IgA and IgA speciˆc to bacterial LPS than mice fed on the control diet, although the serum and intestinal IgG, IgM, and IgE responses of mice fed on the CPP-III-added diet were not statistically diŠerent from those of mice fed on the control diet. Moreover, the stimulatory eŠect of the CPP-IIIadded diet on IgA speciˆc to LPS was stronger in the mice given 10 mg of LPS than in those given 1 mg of LPS. Mice fed formula diets containing insu‹cient amounts of proteins are acknowledged to exhibit body-weight loss. 15) An insu‹cient amount of protein also inevitably interfaces with antibody responses. 16) In the present work, however, mice fed on the CPP-III-added diet gained body weight with no signiˆcant diŠerence from mice fed on the control diet (data no shown). On the other hand, Otani et al. 10) have demonstrated that one of the casein phosphopeptides in CPP-III, i.e., b-casein (1-28), and its partial sequences such as Serp-SerP-SerP and SerP-LeuSerP signiˆcantly stimulated IgA production in mouse spleen cell cultures, while SerP-SerP and dephosphorylated b-casein (1-28) were inert. These facts indicate that dietary CPP-III had signiˆcant enhancing activity for both the levels of total IgA and IgA speciˆc to an orally ingested T cell-independent antigen, bacterial LPS or a food-born pathogenic antigen.
Immunoglobulins are produced from B cells. Resting B cells are activated when the cells recognize an antigen with the receptor on the cell surface and receive IL-1 secreted from monocytes W macrophages via its receptor. These activated B cells are induced to proliferate by the action of cytokines, in particular IL-4. IL-5 is a growth factor for B cells and promotes their proliferation. In response to IL-6, B cells diŠerentiate into plasma cells, or Ig-secreting cells. 17) Yan et al. 18) have reported that IL-5 and IL-6 were necessary for the production of IgA. It has also been reported that IL-10 was a potent growth and diŠeren-tiation factor of activated B cells, 19) while TGF-b may promote the class-switch of immunoglobulin to the IgA-isotype. 20) The present work demonstrates that the total IgA, IL-5, and IL-6 levels in the spleen cell culture from mice fed on the CPP-III-added diet were statistically signiˆcantly diŠerent from those fed on the control diet. Thus, these facts suggest that CPP-III stimulated IgA production via at least the enhancement of IL-5 and IL-6 secretion, although it is unclear from this work whether CPP-III in‰uenced TGF-b production.
As already described, CPP-III is composed of about 90z casein phosphopeptides consisting mainly of as2-casein (1-32) and b-casein (1-28) and of about 10z other casein peptides. Casein phosphopeptides such as as1-casein (59-79) and b-casein (1-25), and CPP-III have been shown to have immunostimulatory eŠects such as mitogenic activity towards lymphocytes and stimulation of immunoglobulin production in mouse cell cultures. 9, 21) In addition, the immunostimulatory activity of CPP-III was hardly in‰uenced by peptic and pancreatic digestion, whereas it was signiˆcantly reduced by phosphatase action. 21) Moreover, the immunostimulatory action of b-casein (1-28) was conˆrmed to be attributable to the sequence SerP-X-SerP. 10) These facts strongly suggest that the stimulatory eŠect of CPP-III on intestinal IgA production demonstrated in the present work was due to casein phosphopeptide molecules in the CPP-III preparation.
The gastrointestinal tract is the most common site of entry for infectious agents at the mucosal surfaces. Secretory immunity is the basis of speciˆc protection at the mucosal level, where IgA is the main immunoglobulin. 1) Mucosal IgA prevents the adhesion of bacteria or viruses, and reduces the absorption of food antigens in the intestine. Hence, various maneuvers have been used to improve the mucosal immune system. The present results indicate that an orally ingested casein phosphopeptide preparation, or CPP-III, enhanced the mucosal IgA response towards bacterial LPS ingested orally. The immune cells at the mucosal level are associated with gut-associated lymphoid tissue (GALT). After antigen stimulation in GALT, speciˆc IgA-producing precursor cells should increase in distant mucosa-associated lymphoid tissues (MALT). Kitamura et al. 13) have recently reported that the dietary ingestion of a casein phosphopeptide preparation by pregnant sows resulted in higher levels of colostral IgA and IgG than by sows that did not ingest casein phosphopeptide during the pregnant period. Thus, CPP-III, or casein phosphopeptides might increase the anti-LPS IgA levels in other local immune systems such as the respiratory tract and mammary gland.
In conclusion, the present work demonstrates certain unique immunologic responses. Mice fed with CPP-III, or a 0.09z casein phosphopeptide-added diet (w W w) for 5 weeks exhibited sustained enhancement of the IgA response to orally ingested bacterial LPS, or a food-born pathogenic antigen. This immunoenhancing property is unlikely to be related solely to a nutritional eŠect, because mice fed on the CPP-III-added diet did not show statistically signiˆcantly enhanced serum and intestinal IgG and IgM levels speciˆc to LPS. Thus, dietary casein phosphopeptides may be of practical use in enteral diets as an immunostimulator to enhance mucosal immunity via IgA and the host defense.
